cluding those who had genotypes available on only one platform, the IC was substantially increased using MSAT+SNP (0.76, SD 0.05) compared to SNP (0.61, SD 0.02). Linkage results changed appreciably between MSAT and MSAT+SNP in terms of magnitude, rank ordering and localization of peaks. Conclusions: Regenotyping older family data can substantially alter the conclusions of linkage analyses.
Introduction
Linkage analysis has fallen out of favor as a technique for gene discovery in psychiatric genetics and some other clinical areas. This is understandable given the paucity of definitive successes, despite considerable investment in psychiatric linkage studies over a number of years. One explanation for the lack of clear success is that the study design itself is flawed in application to psychiatric conditions; but another is that the successful execution of the design has hitherto been thwarted by limitations of available technologies. Here we investigate one aspect of this execution: reliance of the majority of psychiatric linkage studies, which were carried out during the 1990s and early 2000s, on sparse microsatellite (MSAT) marker maps.
We consider a particular set of multiplex schizophrenia pedigrees obtained from the NIMH Repository and Genomics Resource (NRGR). The available NRGR data included genotypes for a sparse (approx. 9 cM) MSAT map, which was the state of the art at the time these studies were initially done. As part of the Combined Analysis of Psychiatric Studies (CAPS) project, a collaboration with the NRGR, we regenotyped all individuals from these families who had DNA available from the NRGR, in order to obtain dense SNP genotypes.
Our objectives were two-fold. First, we wanted to assess the extent to which information content (IC) would be augmented by regenotyping the older samples on an updated genotyping platform. Second, we wanted to know what the impact would be on the results of linkage analysis. As anticipated, the gain in IC was appreciable using SNPs, and it increased further when using both MSATs and SNPs simultaneously. In addition, there were notable changes in the linkage results when the high IC map was used relative to the results obtained based on the MSATs alone. This strongly suggests that linkage analysis results based on older studies were substantially hindered by the available marker maps at the time, and that an assessment of their results should therefore be made in light of this limitation.
Methods
Because our genotyping budget was limited, we chose a single set of families for this study, in part based on a phenotype of particular interest. Specifically, we focus on the Hispanic-American multiplex schizophrenia sample originally collected by Escamilla and colleagues in 2003 and 2005 [1, 2] , and the complete subset of families (n = 47) from this data set that had at least one case of strictly defined multiplex schizophrenia as well as at least one case of schizophrenia with a strong affective component [for additional clinical details, see Vieland et al. 3 ] .
The available NRGR data included genotypes for 402 MSATs on 231 individuals in the 47 families (for descriptions of the pedigree structures, see below). We applied a data-cleaning protocol involving pedigree-structure verification (including heterozygosity checks on the X chromosome to confirm sex) as well as an evaluation of markers for excessive missingness and/or Mendelian errors, or violations of Hardy-Weinberg equilibrium with a p value <0.01 [for details, see 3 ]. Mendelian errors were zeroed out for the marker and family in which they occurred. Following data cleaning, 395 markers and 219 individuals remained in the analysis; two families were dropped due to unresolvable pedigree-structure problems (excessive non-Mendelizations). The average heterozygosity across the 395 markers was 0.23 (SD 0.07, range 0.09-0.51), and the average intermarker distance was 9.29 cM (SD 3.82, range 0.34-19.98)
The NRGR had DNA available for 238 individuals from these 47 families . The genotyping of 193 individuals (all individuals  available from the 2005 data set and 17 of 62 individuals from the  2003 data set, see also below) on the Affymetrix Axiom Lat Chip was performed by RUCDR Infinite Biologics (formerly the Rutgers University Cell and DNA Repository) using standard methods. The data are available through the NRGR. (SNPs for 6 members of an uninformative branch of a large pedigree, ungenotyped with MSATs, were set aside, leaving a total of 187 individuals.) Repetition of the family-structure verification was done with the SNP data. This restored 3 families lost using MSATs alone: one that had previously had <2 genotyped cases and two with excess MSAT Mendelian errors, one of which required changing full siblings to half-siblings. Markers were removed if they were monomorphic or duplicative, if they had >5% missingness, and/or violated HardyWeinberg equilibrium with a p value <0.01. Mendelian errors were zeroed out and missingness checks were rerun. 586,178 SNPs remained after these quality control measures (out of >800,000 probes on the chip).
For various reasons, there were some differences in the sets of individuals genotyped for the MSAT and SNP maps. In addition to the slight difference in available individuals (as noted above), 12 individuals with available DNA for SNP genotyping were missing MSAT genotypes after MSAT cleaning. Furthermore, 44 individuals from the 2003 sample included in the original (MSAT) study did not have SNP genotyping. The reason for this was budgetary: we originally budgeted for the 2005 sample only; however, this left 17 empty lanes. Since the 2003 data set included 15 eligible families, it was decided to additionally obtain SNPs for two affecteds from each of the first 2 of these families (numerically ordered) and for one affected/family from each of the remaining 13 families. While this detail relates to factors ancillary to scientific considerations, it is also typical of situations arising in actual studies, and it plays a role in the Results section. Finally, two of the pedigrees were too large for some of the analyses done here (see below), leaving a reduced set of 45 pedigrees for some analyses.
Given the features of the data, we considered 3 separate versions of the data set: (i) the reduced set of 45 pedigrees including all and only individuals with available genotypes on both the MSAT and SNP maps (Baseline, n = 29 families); (ii) the reduced set of pedigrees, including all pedigrees and individuals with genotypes on either the MSAT or SNP map (Baseline + , n = 45 families), and (iii) the set of all families (n = 47) including all individuals genotyped on either platform (Real Data). For Baseline, any founders or connecting relatives required for pedigree integrity who had genotypes on just one platform were left in the pedigree files with their genotypes set to 'missing'. The Real Data had an average of 7.1 individuals per pedigree (range 4-31); an average of 4.9 genotyped individuals per pedigree (range 2-19), and an average of 2.5 affecteds per pedigree (range 2-5). Virtually all affecteds were genotyped; however, only an average of 1.1 founders per pedigree were genotyped (range 0-5), which is typical of many of the older collections.
In preparation for linkage analysis, we tried a number of approaches aimed at maximizing IC of the SNP marker map while removing marker-to-marker linkage disequilibrium (LD). See online supplementary table 1 11 allele frequency (MAF) <0.20 were discarded; (ii) a base map was constructed using all markers with MAF >0.45; (iii) all gaps >0.3 cM in the base map were supplemented with an additional marker, based on the highest MAF marker available within the gap, and this process was repeated until all intermarker distances were <0.3 cM, and (iv) marker-to-marker LD was eliminated at an R 2 threshold of 0.20 using an iterative algorithm described in detail in online supplementary table 1. For Baseline + , the resulting SNP map comprised 25,414 markers, with an average MAF of 0.46 (SD = 0.04, range 0.21-0.50) and an average intermarker distance of 0.15 cM (SD = 0.12, range 0.00-1.97). (For Baseline, there were 25,408 SNPs on the map and the remaining descriptive statistics were identical to two decimal places.) Note that these maps had identical IC to two decimal places when compared to the map with all SNPs, but they allow for far more efficient computation since they contain only about one quarter as many markers, even after pruning the 'all SNPs' set to remove marker-to-marker LD.
In order to align the markers on a genetic map and create a combined MSAT+SNP marker set, all markers were placed on the v3 Rutgers combined linkage-physical map (hg19, Build 37.3, dbSNP 137) [4] . Markers from previous builds not present in v3 were located using either comparable v2 positions (this applied only to 20 markers at one telomere of chromosome 1) or assigned positions using interpolation (approx. 100 additional SNPs). In constructing the MSAT+SNP map, any SNP falling within 0.3 cM of an MSAT was also removed to avoid introducing any new LD between markers. This resulted in dropping 1,742, 1,738 and 1,743 additional SNPs for Baseline, Baseline + and Real Data analysis, respectively. The final MSAT+SNP map used for Real Data analysis contained 24,216 markers in total, with an average intermarker distance of 0.15 cM (SD 0.12, range 0.00-1.97).
IC was calculated in Merlin [5] . Two of the 47 pedigrees were too large for Merlin to handle, thus IC comparisons are shown for the subset of 45 pedigrees only. Multipoint linkage analysis was done using Kelvin [6] . Shown here are results for the posterior probability of linkage (PPL) statistic; for comparison purposes, nonparametric linkage (NPL) [7] results as calculated by Mer- Prior to analysis, marker allele frequencies were estimated using maximum likelihood. We also performed LD analysis using the full set of SNPs (see online suppl. fig. S3 for results) .
The PPL is essentially a straightforward application of Bayes' theorem. Letting L represent 'linkage' to a given genomic position and D be the data, the PPL is calculated as
The prior probability of linkage P (L) is set to 2% based on empirical calculations. The two likelihoods appearing in this equation, P (D|L) and P (D|no L), are the numerator and denominator of the (exponentiated) ordinary LOD score, respectively. They are functions of the parameters of the unknown trait model; Kelvin handles these parameters via (numerical) integration. The PPL is on the probability scale [0, …, 1] and, as applied here, it represents the probability of a schizophrenia disorder gene at each location, given the available data.
Results
We first compared IC for the Baseline data subset ( fig. 1 ). This comparison establishes the relative IC of the three different maps in a direct apples-to-apples comparison. Not surprisingly, the SNPs alone yielded a higher average IC across the genome compared to MSAT data alone (SNP mean IC = 0.78; MSAT mean IC = 0.51). However, the MSAT IC had far greater variance (SNP IC SD = 0.03, range 0.43-0.83; MSAT IC SD = 0.10, range 0.09-0.80), and the SNP map had some gaps, with the result that the IC was actually higher for the MSATs than SNPs at certain locations. The IC was only modestly increased when comparing the MSAT+SNP map to the SNP map itself (MSAT+SNP mean IC = 0.82, SD = 0.03, range 0.44-0.89).
While yielding a direct assessment of additional IC on the SNP map relative to the MSAT map, figure 1 tends to understate the true value of adding dense SNP information on top of existing MSATs in typical research situa- Finally, in order to assess the impact of the level of increased IC on linkage results, we carried out linkage analysis for each of the three maps ( fig. 3 ) using the full Real Data set. While the results based on the three maps are correlated, there are also salient differences. These include differences in the magnitudes of peaks (e.g. on chromosome 14) as well as changes in the rank ordering of peaks from highest to lowest (e.g. comparing peaks on chromosomes 17 and X between the SNP and MSAT+SNP maps). They also include dramatic differences in localization, particularly on chromosomes 14 and X, in both cases corresponding to map regions where the MSAT IC is quite low. Thus a low IC can result not only in under-or overestimates of linkage signals, but also in a substantial displacement of signals along the chromosome. Figure 4 shows sample comparisons for selected chromosomes.
Of course, there is no way to know the true locations of relevant genes. However, it is clear that the 'take home' messages of a study based on the MSAT+SNP map would have been quite different from the original results based on the MSAT map alone. Because going from MSAT to SNP to MSAT+SNP involves increasing IC, we can treat the results based on the latter as yielding 'best estimate peak' (BEP) findings. Using the SNP map compared to the MSAT map, the peak on chromosome 14 is somewhat higher but considerably narrower and somewhat displaced, while the BEP shows a similar localization to SNPs alone but is considerably higher. On chromosome 17, the MSAT map misses the peak altogether relative to the BEP, while the SNPs alone seem to overestimate the size of the peak. On chromosome X, the MSATs place the peak quite far from the BEP, while the SNPs perform similarly to the BEP.
Discussion
We have demonstrated a substantial increase in IC based on a combined MSAT+SNP map, compared to either the MSAT map alone or the SNP map alone, in realistic settings (Baseline + comparisons). These changes lead to substantially different linkage findings comparing either the SNP or MSAT+SNP results to the MSAT results, which are typical of older linkage studies. While it is impossible to know whether the modest peaks obtained in the new analyses are 'real' or not, they are certainly more accurate insofar as they are based on substantially higher IC than the MSAT-only analyses. This exercise makes clear that an earlier generation of linkage studies might have failed to live up to expectations in part simply because the markers available at the time when many of these studies were done were not sufficiently informative.
But these results also illustrate that the older MSAT data sets still have value, particularly insofar as not all samples originally genotyped will be available for regeno- typing with a new panel. Of course all results shown here are a function in part of the particulars of this data set, but the data considered here are typical in many respects of the majority of psychiatric linkage studies in the NRGR and many other older linkage data sets as well. Thus these older genotype sets are still highly valuable and should not be ignored even when new SNP data are available. Of note, too, is that the lower IC inherent in the MSAT map is not due to an intrinsic problem with MSATs per se , but rather to the fact that the MSAT maps tended to be quite sparse.
We conclude from this exercise that the failure of linkage studies to yield genes for many psychiatric data sets is likely due, at least in part, to a low efficiency in finding peaks and a poor localization as a result of reliance on marker maps with inadequate IC. Of course, many of these studies may also have been underpowered due to a small sample size, leading to an interest in using metaanalysis to combine results across studies. However, the deleterious effects of low IC would need to be removed prior to meta-analysis, which would not be able to adjust for failures to correctly estimate or localize peaks within individual studies due to inadequate marker coverage in the primary data.
Moreover, while the focus of this paper is on IC rather than the genetics of schizophrenia per se, even in this small sample we have some new and potentially interesting findings, particularly under the linkage peak on chromosome 14. The MSAT peak is quite broad, on the order of 30 Mb, and encompasses nearly 200 genes. By contrast, the MSAT+SNP peak is less than 6 Mb and contains fewer than 20 genes. This smaller interval contains three GWAS signals of interest. Two SNPs (rs17111920 and rs915071) have previously been identified in a study of schizophrenia and bipolar disorder [9] . (Recall that our sample includes only families in which at least one individual has schizophrenia with a strong affective component.) While rs915071 is more than 100 kb from the nearest gene, rs17111920 is approximately 29 kb from miR-4307. This miRNA has been identified in a study of human neural precursors [10] , and so could be of importance in early neural development, but it is located very near the edge of the linkage peak. Perhaps of greatest interest is the GWAS signal at rs2038256, located more centrally under the linkage peak, which has been associated with brain glutamate concentration in an imaging study conducted in patients with multiple sclerosis [11] ; alterations in brain glutamate have also been observed in imaging studies of individuals with schizophrenia [reviewed in 12 ] . This signal is within 10 kb of FOXG1 , the gene for a member of the forked-head transcription factor family that plays an important role in the neurogenesis of glutamatergic neurons [13] and has been identified as the causative factor in some variants of Rett syndrome and related neurodevelopmental disorders [reviewed in 14 ] .
Additionally, while our sample is extremely small for purposes of detecting allelic association, of the 9 SNPs (out of 559,855) that showed PPL scores ≥ 5% (online suppl. table S3), rs5957600 is notable because it occurs under the second largest linkage peak in this sample on Xq24. This SNP is in GLUD2 , which plays a role in the recycling of glutamate during neurotransmission and has been associated with Parkinson disease and amyotrophic lateral sclerosis [reviewed in 15 ] . The remaining genes in this table have no known relationships to the brain, neurological processes, or neuropsychiatric disorders, with the exception of SLIT3 which is important in axonal guidance and has been implicated in schizophrenia [16] , major depression [17] , and autism [18] .
In aggregate, our results are relevant as the scientific field returns to a focus on 'co-segregation' (linkage) within families as a way to cope with the volume of data generated by high-throughput sequencing experiments. Restricting our attention to sequence variation under linkage peaks makes sense only if linkage analysis is able to correctly rank-order loci by relative strength of evidence for or against linkage at any given peak, in addition to providing an accurate localization. Given the large investments already made in pedigree collection and, in many cases, extensive and very careful phenotyping, surely there is sufficient value to be added to these older collections by regenotyping available samples on more modern genotyping platforms, or even (as costs continue to fall) using whole-genome sequencing technologies.
